ABSTRACT DNA fragments 536 base pairs long differing by single base-pair substitutions were clearly separated in denaturing gradient gel electrophoresis. Transversions as well as transitions were detected. The correspondence between the gradient gel measurements and the sequence-specific statistical mechanical theory of melting shows that mutations affecting final gradient penetration lie within the first cooperatively melting sequence. Fragments carrying substitutions in domains melting at a higher temperature reach final gel positions indistinguishable from wild type. The gradient data and the sites of substitution bracket the boundary between the first domain and its neighboring highermelting domain within eight base pairs or fewer, in agreement with the calculated boundary. The correspondence between the gradient displacement of the mutants and the calculated change in helix stability permits substantial inference as to the type of substitution. Excision of the lowest melting domain allows recognition *of mutants in the next ranking domain.
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Detection .and localization of single base substitutions within long DNA sequences may be impractical by complete sequence determination and improbable on the basis of restriction endonuclease vulnerability. We present here the results of a procedure by which DNA molecules that have minimal sequence differences are separated and by which some conclusions can be drawn as to the nature of the change. A number of samples can conveniently be examined in a single slab gel; each DNA species is focused into a sharp band-at a gel position determined by its sequence and composition. The physical separation of fragments of altered sequence provided by the denaturing gel makes possible further analysis and manipulation.
Our system makes an unconventional use of electrophoresis. Where DNA molecules migrate into a gradient of ascending concentration of denaturant, they undergo an -abrupt decrease in mobility at a characteristic depth, resulting in positions and patterns that change. little if application of the field is continued. The retardation depth in the gradient is determined by the least stable part of the molecule and is relatively insensitive to other parts of the sequence or to the overall length (1) .
To understand the basis of the' sensitivity of the system to single base substitutions, we have undertaken a close comparison of the gel results with those of a sequence-specific statistical mechanical theory of the stability of the double helix. Experimental studies on the helix-disorder transition, melting,
have not yet provided a detailed test of the theory, which pre-'dicts intricate and interesting patterns for the progression of equilibria from full helicity to separated strands as the temperature increases for molecules of different sequence. In our system, the molecule is exposed to a gradual denaturation-promoting change in the medium, linearly equivalent (2) to a gradual increase in temperature. 'The strong decrease in mobility as the helix unravels provides the basis for both sequence-determined separation and examination of the helix-disorder transition. Digestion was stopped by the addition of EDTA to a final concentration of 40 mM, glycerol to a final concentration of 10% (vol/vol), and a trace of bromphenol blue tracking dye.
MATERIALS AND METHODS
Gel Electrophoresis. Nondenaturing polyacrylamide (65 mg/ml; acrylamide/bisacrylamide, 30:0.8) gels were run at 600C in TAE buffer (40 mM Tris/20 mM NaOAc/1 mM EDTA, pH 8/HOAc), with 3-5 Ag of whole phage DNA or 0.5-1.0 ,ug of plasmid DNA in each slot.
Denaturing Gradient Gels. The acrylamide concentration, 65 mg/ml, and the TAE buffer concentration were uniform throughout the gels. All gradients consisted of linearly increasing concentrations of urea/formamide at a constant ratio. Gels were poured from outgassed solutions containing ammonium persulfate at 0.1 mg/ml and 0.01% N,N,N',N'-tetramethylethylenediamine using a two-chamber gradient maker or the syringe gradient pump previously described (4, 5) . The gels were submerged in a 5-liter aquarium that contained the anode electrolyte, TAE (Fig. 3) .
Fragments on the left migrate through a column of minimum denaturant concentration. From left to right, fragment mobility at first decreases gradually, then suffers a sharp reduction twothirds of the way to the right at about 2.8 M urea/16% (vol/vol) formamide. At this point, the fragment from strain 2001 is distinguishable from wild type as a species that has half the staining intensity; its sharp mobility transition occurs at a very slightly higher denaturant concentration. The wild-type and mutant fragments appear to be superposed in both the high-and lowconcentration regions where the mobility changes only slightly with increasing denaturant concentration. Fragment mobility decreases to less than one-fourth through the major transition zone.
The Calculated Melting Map. To examine the effect of a single base substitution on the calculated progression of the helixt>S431b fcn &Ks, f3°,C (SI, N ell e FIG. 2. Effect of mutation on fragment depth in denaturing gradient gels. Three to 5 j.g of A Sam7 DNA and derivatives substituted in the y region (see Fig. 1 ) digested to completion with Ava IlBgl was electrophoretically separated in a nondenaturing polyacrylamide (65 mg/ml) gel. The ethidium-stained polyacrylamide strip containing the 536-bpy-region fragment was sealed with hot agarose (10 mg/ml) in TAE buffer across the top of a polyacrylamide (65 mg/ml) gel containing a linear gradient of a urea/formamide mixture increasing, from 2.1 M urea/12% (vol/vol) formamide to 3.5 M urea/20% (vol/vol) formamide, in the same direction as the electric field. The figure is a composite of the central 2.5 cm of each of four gels, each containing one or more wild-type (wt) samples. Proc. Nad Acad. Sci. USA 80 (1983) Fig. 4 as a melting map-the temperature at which each base will be at equilibrium with equal probability of helix or random chain configuration. At any temperature appreciably below the contour for that base pair, the pair can be regarded as helical and, at any temperature appreciably above the contour, the pair can be regarded as melted. As 
136.12"C (8).
center of the block progresses from 10% to 90% probability of unpairing and unstacking between 66.30C and 67.30C. We note that the lowest melting domain contains the cyL region, the sequence thought to determine polymerase recognition, and the cyR region falls into a higher melting domain beginning at about base 147 (3) .
The changes in the melting progression effected by mutations between bases 83 and 168 are presented in Fig. 5 , together with a section of the standard map. The calculations are shown in Fig.  5 B and C as the differences in temperature for the 50% point in the melting equilibrium between the wild-type fragment and each mutant at each base pair. The difference maps were ohtained by subtracting the melting map of the complete sequence of the wild-type fragment from the corresponding complete map of each mutant. As shown in Fig. 5B for four representative substitutions and a double substitution, substitutions that effect substantial displacements in the gels distinctly alter the melting temperature in the entire first domain. Except for slight shifts in the domain boundaries in this set (a shift appears as a spike in the melting map), melting is essentially identical with that of wild type at all other parts of the se- (Fig. 4) Fig. 6 . Wild-type fragments from the recombinant plasmid pKM2 (lanes A and E) focused into a sharp band at the same depth as a band of the fragment from whole phage DNA (lane B). The mutant fragments, indistinguishable from wild-type fragments in the gradient in the original 536.-bp molecule (Fig.  2) focus at greater depths, in good agreement with the calculated effect of the substitutions based on melting and mobility theory. Note that all of the fragments derived from whole phage DNA, mutants and wild type, appear as triplet bands in which the substitutions uniformly shift all. three members. A singlet lower in the gel, unaffected by the substitutions, provides a reference position. Tripletting. of the 301-bp Alu I/Bgl II fragment was also obtained from wild-type phage grown lytically, while the plasmid-derived singlet was unaffected by mixed digestion with whole phage DNA. These results are consistent with the supposition. that base modification during phage growth may be a source of the extra bands.
DISCUSSION
Because the gradient interval between any pair of fragments differing by a single base substitution in the determinant domain is larger than the width of the bands, samples can be recovered from the gels enriched for either component. The bands are narrower than those in simple length separations by constant-velocity electrophoresis because of the focusing due to the reduction in mobility as the determinant domain melts..
The correspondence between these results and properties calculated from the sequence by the Poland-Fixman-Friere algorithm provides more detailed support for this melting theory than has been available from hyperchromicity profiles. Because the six substitutions that alter gradient depth lie below position 145 and the six that do not alter gradient depth lie above position 152, it appears that the sequence above position 152 does not participate in determining the retardation depth. Following the explanation we have offered for identification of the decrease in mobility with partial melting (1, 11), we infer that the lownumbered region ending between bases 144 and 152 melts at a substantially lower temperature and independently of melting above base 152. That difference and the resulting decoupling emerges from the theoretical calculation as a distinct domain, boundary within the limits specified by these mutants. The loss of mobility from melting of the first domain prevents the fragment from reaching the gradient depth necessary for further melting within the duration of the run.
Variation of the loop-entropy and cooperativity parameters can result in melting at a slightly lower temperature in the region between bases 83 and 131 than in the region near base 61, but there is no noticeable change in the maps shown in Fig. 5B nor in the boundary position.
There is a close proportionality between the calculated alteration, ATm, of the plateau Tm of the first domain and the change in gradient depth reached by the fragments (Fig. 7) . For 
